A ngiogenesis is a multistep physiological process involving the degradation of the capillary basement membrane, endothelial cell migration, capillary tube formation, and endothelial cell proliferation. Sprouting of new blood vessels from preexisting capillaries requires precise spatial and temporal proteolysis of the extracellular matrix (ECM), which is critical for initiating the process of endothelial cell invasion into the ECM 1 and for recruiting endothelial progenitor cells to the angiogenic site. The matrix metalloproteinases (MMPs) are zinc-dependent enzymes that can degrade most components of the ECM 2 and that play a critical role in the process of neovascularization. [3] [4] [5] [6] [7] Tissue inhibitor of metalloproteinases (TIMPs) constitute a family of distinct MMP inhibitors whose members are TIMP-1, TIMP-2, TIMP-3, and TIMP-4. The TIMPs show 35% to 40% identity at the amino acid level and are capable of inhibiting the MMP family of enzymes with equal efficacy in in vitro assays. 8 TIMP-1, TIMP-2, and TIMP-4 are "soluble" proteins and are present in numerous body fluids. 9 TIMP-3 is distinct from these proteins in that it is sequestered in the ECM. Our previous work has shown that TIMP-3 is a potent angiogenesis inhibitor 10 and suppresses vascular endothelial growth factor (VEGF)-mediated angiogenesis independently of its MMP inhibitory properties. 11 Its angiostatic function is mediated by inhibition of the binding of VEGF 165 to its receptor, VEGFR-2 (KDR). 11 VEGF is an essential growth factor that plays a critical role in the development of the retinal [12] [13] [14] and choroidal vasculature. 15, 16 Previous studies have demonstrated choroidal vascular abnormalities in mice deficient in TIMP-3 along with enhanced capillary sprouting of aortic explants from these mice. 17 VEGF has also been shown to contribute significantly to the development of choroidal neovascularization (CNV) in age-related macular degeneration (ARMD). Although no mutations were found in the coding region of TIMP-3 in a small study, 18 a more recent large-scale genomewide association scan for ARMD 19 identified genetic variants near TIMP-3 that were associated with increased susceptibility to the disease. In this study, we explored the role of TIMP-3 in VEGF-mediated angiogenesis in vivo by comparing pathologic neovascularization in TIMP-3-deficient mice and corresponding wild-type (WT) controls.
MATERIALS AND METHODS

Animals
All animal studies were approved by the Animal Care and Use Committee guidelines of the Cleveland Clinic and conformed to the National Institutes of Health Guide for the Care and Use of Animals in Research and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Timp-3 Ϫ/Ϫ mice on a C57BL/129SV background have been previously described. 20, 21 The Timp-3 Ϫ/Ϫ mice were backcrossed seven times or more and then bred on a pure C57BL/6 background and on an FVB-BALB/c background separately.
Labeling of Choroidal Vasculature
Albino Timp-3 Ϫ/Ϫ mice (n ϭ 6) and WT littermates at 3 months of age were perfused by intracardiac injection of India ink under deep anesthesia. The eyes were enucleated and fixed with 4% paraformaldehyde for 16 hours. The extraocular tissue was removed, and the posterior view of whole eye was examined and photographed. After this the anterior segment (cornea, lens) and retina were carefully dissected and removed. Flat mounts of India ink-labeled choroid with the underlying sclera were made by advancing radial incisions centrally toward the optic nerve and were placed on glass slides for microscopy and imaging. Flat mount images of India ink-labeled choroids were quantitatively analyzed for avascular regions and vascular density retinal images using customized (fully automated) batch processing macros and algorithms generated in image processing software (Image-Pro Plus 6.1; Media Cybernetics, Silver Spring, MD). To determine the total choroid tissue area, each image was converted to grayscale, a spectral filter was applied to enhance or equalize the appearance of the vasculature, and a morphologic "closing" filter was used to fill in regions between vessels. For segmentation of the vascular area labeled with India ink, a high-pass spectral filter was applied to enhance the vasculature, followed by fixed-size and intensity thresholds. Vascular density was calculated as the sum of these thresholded vascular pixels divided by the total choroid area, and the avascular area was calculated by subtracting the total segmented vascular area from the total tissue area.
Scanning Laser Ophthalmoscopy
Scanning laser ophthalmoscopy (SLO) was performed as described previously. 22 After anesthesia and papillary dilation, fluorescein and ICG angiograms were conducted using subcutaneous injections of Na-fluorescein (Fluorescite 10%; Alcon Laboratories, Fort Worth, TX; 75 mg/kg body weight) and ICG (IC-Green; Akron, Buffalo Grove, IL; 50 mg/kg body weight). The fundus was examined with a scanning laser ophthalmoscope (HRA II SLO; Heidelberg Engineering, Dossenheim, Germany) modified for use in mice.
In Situ Zymography
Fluorescein-quenched gelatin (DQ; Molecular Probes/Invitrogen, Carlsbad, CA) was added to unfixed 10-m mouse posterior pole sections at a concentration of 100 g/mL and incubated in the dark at 37°C for 1 to 4 hours. Parallel sections were overlaid with unconjugated gelatin as a negative control. The sections were mounted in medium (Vectashield; Vector Laboratories, Burlingame, CA) with DAPI and photographed using a fluorescence microscope (Olympus, Tokyo, Japan).
Gelatin Zymography
Protein extracts were prepared from choroid/sclera preparations of mouse eyes using homogenization in lysis buffer (125 mM Tris-HCl, pH 7.0, 100 mM NaCl, 0.1% Genapol [Sigma-Aldrich, St. Louis, MO]). Five micrograms of protein extract was subjected to gelatin zymography on a 7.5% SDS-PAGE gel containing 0.1% gelatin, without any reducing agent. After electrophoresis, gels were processed as described previously. 11 Briefly, gels were incubated in a solution of 25 mg/mL Triton X-100 to remove SDS and to promote the renaturation of proteases and inhibitors. After the removal of triton with water, the gels were incubated for 16 hours in 50 mM Tris-HCl (pH 7.5) containing 5 mM CaCl 2 and 0.2 mg/mL sodium azide at 37°C. The gels were stained with 5 mg/mL dye (Coomassie Blue R-250; Invitrogen) in acetic acid/methanol/water (1:3:6) for 2 hours and destained with acetic acid/methanol/ water (1:3:6).
Mouse Corneal Micropocket Assay
Hydron pellets containing 25 ng recombinant human VEGF165 (kindly provided by Genentech, South San Francisco, CA), were inserted into corneal micropockets (1 mm from the limbus) of Timp-3 Ϫ/Ϫ and control WT littermates (n ϭ 5). Corneas were examined with the aid of a surgical microscope to monitor angiogenic responses to VEGF. To photograph the neovascular response, animals were perfused with India ink to label the vessels. After enucleation and fixation, the corneas were excised, flattened, and photographed. A positive neovascularization response was recorded only if sustained directional ingrowth of capillary sprouts and hairpin loops toward the pellet was observed. A negative response was recorded when either no growth was observed or only an occasional sprout or hairpin loop was detected. All responses were compared to a negative control (pellet containing buffer). Angiogenic response was analyzed for mean vascular extension and total skeletal (vascular) length using image processing software (Image-Pro Plus 6.1; Media Cybernetics). Before performing vessel measurements, images were processed using best-fit equalization filters, spectral filters, and large pixel-width background removal filters to enhance vasculature and eliminate image artifacts. For total skeletal length measurements, processed images were skeletonized, summing the pixel lengths of resultant skeletal segments. To determine mean vessel extension, processed images were thresholded for vasculature, filling in holes between adjacent vessels using morphologic filters. The resultant image, a single segmented object representing the overall dimensions of the vascular bed, was analyzed for maximum box height (i.e., extent of vessel penetration).
Laser-Induced CNV Assay
Laser photocoagulation-induced rupture of Bruch's membrane was used to generate CNV, as previously described. 23 Briefly, 4-to 5-weekold C57BL/6J mice were anesthetized with ketamine hydrochloride (100 mg/kg body weight) and xylazine (10 mg/kg body weight) followed by1% tropicamide (Alcon Laboratories, Inc., Fort Worth, TX) for pupillary dilation. Three burns of 532-nm diode laser photocoagulation (Oculight; Iridex, Mountain View, CA; 50-m spot size, 0.1-second duration, 200 mW) were delivered to each retina using a slit lamp delivery system and a hand-held coverslip as a contact lens. Burns were performed in the 9, 12, and 3 o'clock positions of the posterior pole of the retina. The production of a bubble at the time of lasering indicated a successful burn. Two weeks later, mice were anesthetized and perfused with fluorescein-labeled dextran (2 ϫ 10 6 average molecular weight; Sigma-Aldrich), choroidal flatmounts were prepared, and the CNV area was measured. Five mice were used for each group with three burns in each eye (n ϭ 15-18 successful burns in each group). For quantitative analysis of lesion intensity and size, CNV images were batch processed using a custom macro generated in image processing software (Image-Pro Plus 5.1; Media Cybernetics). For each image, a region of interest (ROI) was traced around the lesion using a wand tool (a manual trace was performed if the lesion was not significantly brighter than the background). Mean intensity (range, 10 -255 gray levels), perimeter, area, and mean diameter (pixels) were calculated for each ROI and exported to data analysis (Excel; Microsoft, Redmond, WA). Analyses were performed in a blinded fashion to eliminate user bias.
Immunoprecipitation and Immunoblotting
Cell fractions or immunoprecipitates of the lysates with the indicated antibodies were subjected to SDS-PAGE. Proteins were probed with antibody and detected with a horseradish peroxidase-conjugated antirabbit or anti-mouse IgG antibody (Amersham Pharmacia Biotechnology, Piscataway, NJ) followed by enhanced chemiluminescence. The blots were restripped with solution (Western ReProbe; GBiosciences, Maryland Heights, MO) for 30 minutes and reprobed as indicated.
Staining of Choroid Mast Cells
Whole mount preparations of choroid and the attached underlying transparent sclera, prepared from albino TIMP-3 Ϫ/Ϫ and WT controls, were fixed in 10% formalin overnight. Choroid preparations were stained with 0.1% toluidine blue staining for 1 minute, followed by gentle washing with ddH 2 O for 5 minutes and mounted with a glass coverslip. Choroid mast cells were identified based on the presence of red-and purple-stained cytoplasmic granules. Mast cell density was evaluated by counting the cell profile centrally in the posterior choroid surrounding the optic nerve and in the peripheral choroid using 40ϫ magnification and a grid overlay.
Statistical Analysis
Data are presented as mean Ϯ SEM. The statistical significance of differential findings observed between experimental and control groups was determined using one-way analysis of variance and considered significant if P Ͻ 0.05.
RESULTS
Increased VEGF-Mediated Neovascularization in the Corneas of TIMP-3-Deficient Mice
To determine whether TIMP-3-deficient mice had an accentuated angiogenesis response to VEGF, micropellets of the slow release polymer-hydron containing recombinant VEGF (25 ng) were implanted into the corneas of Timp-3 Ϫ/Ϫ mice (Fig. 1d ) and their WT littermates (Fig. 1b) . The implanted corneas were analyzed for the induction of angiogenesis after India ink perfusion at day 7. Increased neovascularization was observed in TIMP-3-deficient mice that peaked at day 7 with a mean extension length of 43.1 Ϯ 6.9 pixels compared with 19.5 Ϯ 3.13 pixels in WT littermates (Fig. 1e) . All responses were compared with pellets containing buffer as a negative control (Figs. 1a, 1c) .
Absence of TIMP-3 Contributes to Increased CNV
To determine whether the absence of TIMP-3 contributes to the development of CNV, we examined the laser-induced CNV lesions in TIMP-3-deficient mice and their corresponding WT littermate controls. Quantitative image analysis determined that the CNV lesions of TIMP-3-deficient mice were significantly larger in area and diameter (Figs. 2d-h ) than those of WT controls (Figs. 2a-c, 2g, 2h ). To determine whether the increase in CNV lesions in TIMP-3-deficient mice was a consequence of increased signaling with VEGF and VEGFR-2, we examined the posterior eyecups of mice subjected to laserinduced CNV and their corresponding nonlasered controls for expression of VEGFR-2 phosphorylation and for downstream ERK signals. In nonlasered mice, the RPE-choroid showed no evidence of a basal increase in VEGFR-2 autophosphorylation (Fig. 3a) , VEGFR-2 levels (Fig. 3c) , or ERK phosphorylation (Fig. 3e) in Timp-3 Ϫ/Ϫ mice. Five days after the laser induction of CNV, significantly increased VEGFR-2 phosphorylation (Fig.  3b ) and ERK phosphorylation (Fig. 3f) was observed in the TIMP-3-null mice compared with their WT littermates. No differences in VEGF levels were observed in the RPE/choroids of WT and Timp-3 Ϫ/Ϫ mice 5 days after laser injury (data not shown). These results suggest that the absence of TIMP-3, a potent inhibitor of VEGF-mediated neovascularization, results in increased CNV.
TIMP-3-Deficient Mice Show Abnormalities in the Choroidal Vasculature
Recent studies have established an essential role for RPE-derived soluble VEGF in the development and maintenance of the choriocapillaris. 15, 16 Overexpression of VEGF in photoreceptors or RPE of mice did not result in CNV but showed abnormalities in the choroidal vasculature. 24 -26 A previous study examining the choroidal vasculature in TIMP-3-deficient mice has reported the development of abnormal choroidal vessels in these animals. 17 In our study, using fluorescein and ICG angiography in Timp-3 Ϫ/Ϫ mice and their WT littermates, we also observed changes in the choroidal vasculature in mice lacking TIMP-3. SLO with fluorescein angiography revealed fairly normal retinal vasculature in these mice (data not shown). ICG angiography, however, demonstrated the presence of hyperfluorescent spots and dilated choroidal vessels in all TIMP-3-null mice examined (Figs. 4a, 4b) . To further evaluate these abnormalities, we injected India ink into the vasculature of albino mice and visualized the scleral (outer) surface (Figs. 4c,  4d ) before preparing flat mounts to visualize the vitreal (inner) surface (Figs. 4e, 4f) . Although no significant abnormalities were observed in the major vessels, posterior ciliary artery, long posterior ciliary artery, or long posterior ciliary vein, a generalized increase in the diameter and tortuosity of choroid vessels was seen in mice deficient in TIMP-3. The presence of irregularly dilated capillaries, some of which coalesced to form sinusoid-like structures (Figs. 4g, 4h) , were probably responsible for the hyperfluorescent areas seen in Timp-3 Ϫ/Ϫ mice on SLO. Interestingly, most of the abnormalities in the large vessels and in the capillaries were limited to the posterior choroid, with sparing of the peripheral areas. Quantitative analysis measuring vascular density and avascular area confirms a significant increase in vascular density in the choroidal vasculature of Timp-3 Ϫ/Ϫ mice (Figs. 4i, 4j ).
Increased Gelatinase Activity in the RPE/Choroid of TIMP-3-Deficient Mice
MMP2 and MMP9 have been shown to synergize in promoting CNV. 27 We performed gelatin zymography to determine whether gelatinases A and B were endogenously activated in the absence of TIMP-3. The RPE/choroid tissue of Timp-3 Ϫ/Ϫ mice showed increased levels of latent MMP-9 and active MMP-2 (Fig. 5a) . In situ zymographic analysis using DQ gelatin spatially localized the gelatinase activity to the choroid and RPE, with increased activity observed in the choroidal vasculature of TIMP-3-deficient mice (Figs. 5c, 5e). Incubation of sections with gelatin revealed no autofluorescence (Figs. 5b, 5d ).
Accumulation and Altered Distribution of Mast Cells in the Choroid of TIMP-3-Deficient Mice
Mast cells have recently been shown to play an important role in vascular wall remodeling and have been implicated in the pathogenesis of abdominal aortic aneurysms. 28 -31 Given the abnormalities observed in the choroidal vasculature of TIMP-3-deficient mice, we analyzed the distribution and density of mast cells in choroid using 0.1% toluidine blue. Mast cells were identified by the presence of red and purple cytoplasmic granules. In WT mice, the mast cells were predominantly localized centrally around the optic nerve and radiated outward parallel to the blood vessels (Fig. 6a) . We observed a significant increase in the total number of mast cells in the periphery of the choroid and a decrease in the central choroid in Timp-3 Ϫ/Ϫ mice compared with WT controls (Figs. 6b-d) .
DISCUSSION
CNV is a significant complication in patients with ARMD and contributes to most of the blindness associated with this disease. The risk factors for the disease are both genetic and environmental, [32] [33] [34] [35] [36] [37] [38] but the association of these genetic variants with disease progression is still unclear. 39 Although mutations in the TIMP-3 gene were found to not be associated with ARMD, 18, 40 its association with progression to CNV has not been examined. Recent genomewide association scan analysis suggests TIMP-3 loci to be associated more strongly with neovascular ARMD. 19 Our results suggest that in the absence of TIMP-3, the vascular structure of the choroid is altered in a manner that renders it more susceptible to neovascularization under the appropriate stimulus. This, then, leads to the question of whether the choroidal vasculatures of patients with CNV are primed in some manner for increased neovascularization by virtue of a genetic predisposition. Although VEGF inhibitors, ranibizumab, and bevacizumab have been successful in reducing vision loss from CNV, polymorphisms in the VEGF gene are not associated with progression to CNV. 41 It would be interesting to speculate that alterations in angiogenesis inhibitors or matrix-degrading enzymes would be able to prime the choriocapillaris to be more sensitive to angiogenic insults that result in neovascularization. It could be hypothesized that increased matrix-degrading enzymes could lead to thinning of the vascular wall or the capillary basement membrane that could result in an increased sensitivity to angiogenic stimulators. Alternatively, sequence variations in the TIMP-3 gene in association with other ARMD susceptibility loci or environmental insults could contribute to progression to CNV. In the case of the TIMP-3 knockout mouse, the absence of TIMP-3 (an angiogenesis inhibitor) and an increase in gelatinases in the choroid (a consequence of loss of TIMP-3, an inhibitor of matrix metalloproteinases) could likely contribute to the altered morphology of the choroidal vasculature and the increased susceptibility to CNV.
Mutations in TIMP-3 cause Sorsby fundus dystrophy (SFD), 42 an autosomal dominant retinal dystrophy that closely resembles ARMD and is characterized by loss of central vision as a consequence of CNV. Whether the primary pathology in SFD is a consequence of gain or loss of function has not yet been determined. Langton et al. 43, 44 proposed the hypothesis that an accumulation of functional mutant TIMP-3 in the RPE/ Bruch's membrane as a result of reduced turnover was responsible for the disease phenotype. If this hypothesis holds true, then the results obtained in this study with TIMP-3 deficiency may not have any direct implications for SFD. Interestingly, mice with the Timp3 S156C mutation knocked in do not show a classic SFD phenotype. 45 Hemovasculogenesis-the differentiation of hematopoietic, erythropoietic, and endothelial cells from a precursor hemangioblast-contributes to the development of early embryonic and fetal choriocapillaris. 46, 47 Fenestrations and pericyte investment occurs late during maturation, which occurs concomitantly with the connection to the intermediate and deep vessels of the choroid. VEGF signaling plays a critical role in both the development and the maintenance of the choriocapillaris. 15, 48, 49 Although remodeling of the primary choroid vascular plexus during development appears to be regulated by inductive signals from the RPE, the roles of ECM integrity and matrix-degrading enzymes in this process have not been identified. Whether the developmental changes in the choriocapillaris of TIMP-3-deficient mice are a consequence of increased MMP activity or loss of VEGF inhibition has yet to be determined. Aged Timp-3 Ϫ/Ϫ mice show increased alveolar enlargement associated with decreased collagen 20 and altered myocardial remodeling, 50 which suggests that TIMP-3 may be critical for branching morphogenesis.
The observation of increased mast cells in the choroids of TIMP-3-deficient mice is an interesting phenomenon given the previous suggestions of a possible role for mast cells in angiogenesis. 51 More recently, there has been increasing evidence that mast cells may be critical in the "angiogenic switch" during tumor growth. 52 TNF-␣ has been shown to play an important role in regulating mast cell function and tumor growth. TIMP-3 is the only TIMP that can inhibit the catalytic activity of tumor necrosis factor converting enzyme (TACE) 53 and prevent the release of ectodomains of transmembrane proteins. TIMP-3-deficient mice have attenuated tumor growth and metastasis. 54 In addition to secreting proangiogenic compounds, mast cells also release proteases that are likely to be involved in tissue remodeling. Recently, mast cell chymase was shown to play a critical role in the formation of the mouse abdominal aortic aneurysm 29, 30 through the activation of cysteine protease cathepsins, elastin degradation, and vascular remodeling. Similar pathways may be involved during the development of the choriocapillaris and the choroid in TIMP-3-null mice. Further studies to determine the exact role of mast cells in this process will involve studies with Kit W-sh/W-sh mice, which are deficient in mast cells. Both the choriocapillaris and the capillaries of the kidney glomerulus are similar in that they are large, fenestrated, and have a lobular pattern. Mast cell--mediated glomerular remodeling has been demonstrated in mice lacking mast cells. It will be interesting to determine whether there is an abnormal localization of mast cells and altered vascular remodeling in the glomerular vascular bed in TIMP-3-deficient mice.
In summary, though the loss of angiogenesis inhibitory function in this mouse model does not induce CNV, it is more susceptible to CNV after laser injury. 
